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BONnivia  STR^IGTH  Op   OONORSTK  AND  STH3L 

Ttie  increased  use  of  reinforced  concrete  durin-x  the 
past   fe:v  years  kas  been  plienomenal.      Kn^ineers  as  a  -^iiole 
have  been  enthusiastic  in  ur-jing  its  use,  but   tlie  public 
at   lar^e  have  become  skeptical  on  account  of  the  many  recent 
failures.      ?^ile  these  failures  are,  rrithout   doubt,  due  to 
improper  and  unskilled  ■■TOrkmanship ,  rather  than  to  poor 
enjjineerin-^  and  desit^n,   it   is  apparent   that  a  better  kno-nrl- 
edje  of  the  properties  of  concrete,  and  of  concrete- steel, 
is  necessary  in  order  that   the  engineer  may  use  the  same 
dc'jree  of  accuracy  in  design  as  he  does  in  the  desi'^n  of 
steel  structures. 

Concrete  alone,   as  a  building  material,  is  no_thin,;  but 
rubble  masonry,  and  rubble  masonry  is  concrete.     The  only 
great  difference  bet^^een  these  two  materials  is  in  the  con- 
tents and  the  methods  of  mixing  and  placing;,      concrete  and 
rubble  masonry  consist  of  tro  parts,  the  aggregate  and  the 
matrix.     The  former  consists  of  the  stone  or  gravel  formin* 
the  body;  the  latter  is  the  mortar  that   binds  the  indi- 
vidual units  of  the  a.^^n^egate  in  a  composite  ^hole.     In  con- 
crete the  a^-^T^egate  consists  of  .gravel  or  crushed  rock, 
seldom  exceeding  t^o  inches  in  diameter,  ^hile  in  rubble 
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masonry  the  a.;:-;re:^ate  is  seldom  smaller  than  six  inches. 
Tlie  matrix  of  one,  ho'vever,  is  the  same  as  the  matrix  of 
the  other:   before  the  advent  of  natural  and  Portland  cements 
it   consisted  of  slacked  lime  and  sand;  no-97  it   consists  of 
cement  and  sand. 

THe  use  of  concrete  as  a  "buildin*  material  is  not  nerr. 
The  dome  of  the  Pantheon,   in  Pome,   143  feet   in  diameter, 
was  "built   entirely  of  concrete,  and  it   stands  to-day,  after 
3000  years.     The  pyramid  of  Nimus  is  formed  of  a  single 
block,  as  was  also  the  square  stone  tiat   formed  the  tomb  of 
Porsena,   30  feet  vride  by  five  feet  hi^^h.     In  the  upper   floor 
of  the  House  of  Yestals  there  is  a  concrete  slab  14  inches 
thick  and  of  20- foot   span.      Mexican  buildings,   datina;  back 
to  an  unkn4T;n  civilisation,  have  concrete  foundations,  and  in 
the  Italian  colonies  of  jvla,5-ia  Graecia  are  evidences  that 
the  kno^ledrje  of  the  Obos^.s,  in  reference  to   concrete  and 
its  uses,  -was  far  from  limited.      The  -rails  of  the  Readinij 
Abbey,  in  l^jn-jland,   consist  of  outer  and  inner  facin'ijs  of 
cut   stone,   and  a  core  of  concrete,   and  T^hile  the  stone  has 
crumbled  into  dust,  the  concrete  core,  intended  to   be  of 
secondary  importance  only,   stands  to— day,  a  monument  to 
the  durability  of  concrete.     At  Badajos,  in  Spain,  the 
■walls  of  the  castle  and  fortifications  show  the  board 
marks  of  the  molds.      Of  coiirse  the  matrix  of  these  ancient 
concretes  ^as  not   formed  of  Portland  cement,  for  this  sub- 
stance has  been  known  for  but   eighty  years,  but  the  cementing 
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ponrers  were  obtained  fi-om  natural  cements  peculiar  to   each 
locality  and  ar^s. 

The  advent  of  natural  and  Portland  cements  made  possible 
the  concrete  of  to-daj'',  and  the  ease  --.srith  ^rhich  iron  rods 
and  bars  could  be  imbedded  in  the  concrete  rrns  soon  noticed 
and  made  use  of.      Mr.    Arthur  v;.   3uel,   O.^il.  ,   fives  the 
raison  d'etre  of  reinforced  concrete  as  follows:^    "The 
compressive  resistance  of  concrete  is  about   ten  times  its 
tensile  resist ancei  ^hile  steel  has  about  the  same  strength 
in  tension  as  in  compression.      Volume  for  volume  steel  costs 
about   fifty  times  as  much  as  concrete.      7or  the  same  sectional 
area  steel  will   support   in  compression  thirty  times  more 
load  than  concrete,   and  in  tension  three  hundred  times  the 
load  that   concrete  Till  carry.      Therefore  for  duty  under 
compression  omly,   concrete  T'/ill  carry  a  *iven  load  at   six- 
tenths  the  cost  required  to   support   it  T^ith  steel.      On  the 
other  hand,  to   support   a  -^iven  load  by  concrete  in  tension 
"Tould  cost   about   six  tines  as  much  as  to  support   it  ^ith 
steel.  "     Concrete  also  offers  a  fire-  and  urater-proof  pro- 
tection for  the  steel,  and  in  some  cases  is  used  for  this 
roason  if.^  i/^^/only. 

The  first   employment  of  reinforced  concrete  is  attributed 
to  a  French  -gardener,  M.    Joseph  Monier,  nho ,   in  1337,  or 
thereabouts,  made  pots  for  flowers  and  shrubs,  of  concrete, 


•'•    "Reinforced  Ooncreto"  by  A.    ""7.   Buel  and  0.    f^.    Hill.      New 
York:   The  EnT:ineerin»  Ners  Publishing  Co.  ,   1906,  p.    3. 
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and  in  order  to  reduce  the  thickness  used  metal  reinforce- 
ment.    M.   Monier  considered  his  invention  of  sufficient 
importance  to  have  it  patented,   and  Tvhile  exhibiting  at 
tJie  AntT«rerp  Exposition  in  1379,   sold  the  G-erman  rij^hts  to 
Herr  G-.    A.    v/'ayss.      The  uses  to  ^Thich  this  system  -were  put 
expanded  until  small  arches,  floors,  tanks, reservoirs, 
pipes,   and  similar   structures  -yere  male.      In  the  United 
States,  Messrs.    Hyatt   and  Ransorae  may  "be  mentioned  as 
amon*  the  pioneers  of  tie  industry.     In  France,  1.1.    Francois 
Hennebique  and  U»  Paul  oottancin  Trere  the  first   to  use  beaias 
of  reinforced  concrete. 

The  present  tine  has  been  called  the  era  of  reinforced 
cOxacrete,   and  to-day  alioost   every  form  of  eng^ineerin^ 
structure,   as  -yell  as  d^rellin'^  houses  and  industrial  imple- 
ments,  are  made  of  it.     In  almost   every   caao,   concrete  takes 
the  compressive  stresses  and  the  steel  is  relied  upon  to 
take  those  due  to  tension.     This  is  particularly  true  in 
the  case  of  beams,   and  in  order  that   the  steel  may  pweform 
its  proper  functions,  it  is  necessary  that   there  be  some 
union  'betrrsen  the  concrete  and  the   steel.      This  union  or 
bond  may  be  due  to  three  causes:      (1)  the  adhesion  of  the 
concrete  to  the  steel;    (2)   surface  friction, due  to  the 
sTirinka,?e  strains  set  up  by  the  concrete  on  settin:?;,   causing 
it  to  <»;ripthe  steel  firmly  and  -generate  a  hi^h  frictional 
value;   and   (3)   some  mechanical  arrangement,   consistin*  of 
a  deformed,  tT/isted,  or  corru'^ated  form  of  rod,   effect  in; 
a  mechanical  bond  bet-^'een  the  concrete  and  the  steel. 
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There  is  very  little  real  adneren^e  of  concrete  to 
clean  iron.      This  is  easily  demonstrated  tJi'-  moulding  a  'blocX 
or  slab  of  concrete,   and  then  lightly  pressin*  a  piece  of 
square  iron  into  the  concrete  rrlVsi  the  ;rin-^or:j.      After  the 
concrete  has  set   it  ^"rill  be  round  that   there  is  little 
difficulty  in  removin,'^  the  iron  ffsvm  the  concrete.      It  will 
be  noticed  that   in  demolishint  a  reinforced  concrte  structure, 
the  steel  is  easily  removed  if  three  sides  are  broken  aT-ray. 
NO'S',  if  a  bar  of  iron  or  steel  is  placed  in  a  cement  mortar, 
the  cement  '?ill  at  once  attack  the  iron  or   steel,  provided 
tlie  latter  is  free  froiii  dirt,  oil,  or  -grease.      If  the  mortar 
be  alloT^ed  to   set   it  -Till  be  found  that   a  chemical  combi- 
nation has  taXen  place  bet^^een  the  metal  and  the  cement. 
A  bright   bar  T^ill  become  dull  and  vrlll  be  'greater  in  T7ei«^ht, 
and  a  rusty  bar  will  become  bright.     It  is  supposed  that  a 
silicate  of  iron  has  been  formed  and  that   this  compound 
acts  as  a  cement  betv/een  the  metal  and  the  concrete.      Adhes- 
ion depends  directly  upon  the  amount  of  superficial  area. 
M.   Breuille  states  in  the   "Annales  des  Fonts  et   Ohausseey," 
7th  Series,   1393,   that   the  adhesion  bet'veen  the  t^o   sub- 
stances is  as  follo^/s: 


Days 

Lbs. 

per  sq. 

in. 

Days 

Lbs. 

per  sq. 

in. 

2 

4 

16 

16.2 

7 

9.5 

22 

18.5 

13 

13.5 

37 

18.8 

It  -v^ill  be  seen  from  the  above  that   very  little  of 
the  bond  is  due  to  this  chemical  reaction,   and   it   folloT^s, 
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t>ierefore»  that  the  ^roater  part  ia  due  to  the  ".'^rip"  T'^hioh 
the  concrete  exerts  upon  the  steel  in  settinrt,  ir  concrete 
sots  in  air  it  contracts,  and  if  it  is  under  -water  -"rhile 
settin*  it  expands,  Trom  which  it  folloivs  that  reinforced 
concrete  should  never  'be  al levied  to  set  under  "rater,  if  any 
reliance  is  to  be  placed  upon  the  bond  betv/een  the  concrete 
and  the   yteel. 

Herr  Bauscliin?er  and  M.    de  Joly  from  a  series  of 
experiments  concluded  that   the  bond  of  concrete  and  iron 
or  steel  rods  rras  from  570  to  710  pounds  per  square  inch 
of  surface.     These  results  are,  perhaps,   those  most  ^ridely 
quoted.     IM.    Ooijnet  and  Tedesco  made  experiments  on 
round  rods  from  .33  to  1.3  inches  in  diameter,  and  obtained 
values  of  from  385  to   355  pounds  per  square  inch  of  sur- 
face,  but   concluded  that  nuch  lar^^er  values  could  be  used 
in  calculations  -with  safety. 

M.    de  Joly  in  further   experiments  found  that   the   slippin* 
point  occurred  soon  after  the  elastic  limit  of  the  steel 
was  reached,  and  concluded  that   the  lx»nd  did  not   varry  as 
the  superficial  area,  but  as  the  sectional  area,  and  slippage 
did  not   take  place  until  after  the  sectional  area  of  the 
steel  had  been  reduced.      He  further   states  that    a  layer  of 
cement   is   generally  found  on  the  rods  after  bein«j  dra^im 
out,  pointin?;  to  the  probability  of  failure  bein*  due  to 
the  shearin-y  of  the   concrete  itself.      He  also  found  that 
the  form  of  the  bar  had  much  to  do  with  the  bondiu^  strength, 
on  account   of  the  expansion  and  contraction  of  the  concrete 
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while  setting:,   causin';  a  tendency  to  disunion.      He  summar- 
ized liis  resnjilts  as  follo'Ys: 

1.  The  bondin*  strength  varied  at   different  points 

alon*  tlie  len-^th  of  the  rod* 

2.  It   is  greater  ^ith  a  rou*h  then  ^dth  a  smooth 

surface. 

3.  It   increased  'vith  the  proportion  of  cement  up  to 

a  certain  limit. 

4.  It  varied  very  sli^ijhtly  vrith  the  quality  of  sIotv- 

settin-^  Portland  cement. 

5.  It   increased  some^^hat  ^ith  the  fineness  of  .rrindin^. 
3.      It  was  less  -^dth  quick-setting  than  ?,'ith   3I07;- 

settin'!;  Portland  cement. 
7.     It  Tvas  very  varialDlo  for  sla*  cements. 
3.    It   increased  for  mortars  -"/ith  the  size  of  the  sand 

'grains  up  to  a  certain  point. 
9.      It  '/xas  less  for   concrete  than  for  mortars. 

10.  It   increased  rapidlj'"  Trith  the  proportion  of  water 

used  for  raixin;,  and  reached  its  maxiinuii  for 
a  some'That   sloppy  concrete,  the  consistency  of 
v/hich  -lyas  ^retter  than  that  -^hich   -^ives  the 
raaxinram  resistance  to   compressive  stresses. 

11.  •  It  increased  r;ith  the  a*e  of  the  concrete. 

Professor  Hatt,  -rrith  7/l3  inch  and  5/8  inch  rods, 
imbedded  3  and  6.4  inches  in  1:2:4  concrete,  obtained,   after 
34  days,   Trou  470  to  735    (avera-^e  63Q)  pounds  per  square 
inch  for  the  first,   and  from  714  to  780    (average  7P6)  pounds 
per  square  inch  for  the  latter.     He  remarks  that  the  slid- 
ing friction  after  the  first  movement  ryas  from  60  to  70 
per  cent,    of  the  bonding  stren,';i;th. 

M.    Oonsidere  found  353  pounds  per   square  inch  as  the 
value  of  the  bond  betiveen  concrete  and  steel.      Messrs.    Sam 
Y/.   Emerson  and  George  A.   Peabody,   at   ^ase  School  of  Applied 
Sciences,   found  that   the  bond  varied  from  444  to  564    (aver- 
aie  516)  pounds  per   square  inch  for  1:3:6  concrete.      Thej'' 
also   state  that   the  richness  of  the   concrete  has  but   little 
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effect  upon  the  bond,  and  t]:iat  the  bond  of  mortar  is  less 
than  oonorete.  The  results  of  their  tests  also  sho^  that 
the  a.^e  oT  the  concrete  has  little  oti^  no  effect  upon  the 
'bondin'*  strength* 

Experiments  at   the  Massachusetts  Institute  of  Technol- 
ogy under  the  direction  of  P:fofessor  Charles  M.    gpofford, 
save  the  results  upon  the  bond  bet^reen  steel  and  1:3:6 
concrete,  a.-^e  one  month,  as  tollo-<'!s: 

3/4-inch  round  rods,   SIP  to  S71  lbs.   per   sq.    in. 

3/4-inch  square  rods,   321  to  P,'^i  lbs.    per  sq.    in. 

Flat  bars  some-That   smaller  results. 

Patented  bars,   imbedded  IP,  in.  ,  454  to  503   lbs.    per  sq.    in. 

Patented  bars,   imbedded  16  in.  ,   2P,S  to  410  lbs.   per  sq.    in. 

Patented  bars,  imbedded  So  in.  ,  SS3  to  S9S   lbs.   per   sq.    in. 

In  all   cases  where  patented  bars  Trere  used  the  blocks  either 

split  or  the  bars  broke. 

Prom  tests  made  at   Columbia  University,   in  1903,  it 

was  found: 

Plain  rusted,   1  month,  43'^;   3  months,   64S  lbs.    per  sq.    in. 
Plain  clean,   1  month,   S94;    3  months,  431  lbs.    per   sq.    in. 
Twisted,   410  to   783. 

Y/here  tristed  bars  were  used  the  blocks  si^lit  in  all   cases. 

The  reader  has  probably  noted  the  *reat   discrepancy 
in  the  results  of  the  tests  that  have  been  made  to  determine 
the  value  of  the  bond  existin/^  between  the   concrete  and  steel. 
Tills  is  especially  prominent   in  the  case  of  plain,   smooth 
rods.      It   seems  that   the  value  of  the  bond  depends  upon 
nearly  all  the  varyin*  functions  of  the  concrete  and  steel, 
it  being  ^-i^reater  for  rusty  bars  than  for  clean,   neater  for 
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clean  than  for  oily,   etc.     It  varies  vith  t:'^0  proportionin'; 
of  the   ?onoretei  -fith  its  a'^e    ,   and  i^ath  its  consistency, 
and  depends  upon  whether  the  concrete  set   in  air  or  in 
water,   and  ^'hether  the  climatic  conditions  were  such  as  to 
cause  alternate  contractions  or  expansions  or  not.     As  a 
result  of  this  wide  variation  in  rcbults,  various  authori- 
ties iiave  concluded  that   50  pounds  per   square  inch  is  the 
greatest   safe  value  that   can  ho  used,   and  that   the  "bar 
should  "be  irntedded  at   least  SO  tines  its  diameter.      Of 
course,   this  depth  ",dll  vary  with  the   -^ise  of  the  rod,   and 
if  ws  use  50  pounds  per  square  inc~-:  of  superficial  area  as 
the  safe  bond  between  the  concrete  and  the  steel,  and 
16,000  pounds  per  square  inch  of  sectional  area  as  the  safe 
stress  in  the  steel,  then 

50Ildl  =  4000Tld", 
therefore  1  =  80d. 

That   is  to   say,  the  steel   should  he  imbedded  in  the   concrete 
at   least  80  times  its  diameter. 

In  order  that   the  uncertainty  of  the  bond  between  the 
concrete  and  the  steel  mi-rht  not,   exist,  many  bars  have  been 
invented  that   ^i^e  a  mechanical  bond  with  the  concrete.      In 
this  case  the  bond  is  unlimited,  and  failure  will  take 
place  only  by  the  shearing  of  the  concrete,  or  the  failure 
of  the  concrete  by  tension,  the  discussion  of  which  Trill 
be  talcen  up  later.      This  also  allows  the  bar  to   be  painted 
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or  oiled »  in  order  to  prevent  rust,  -witviout   interfering 
witli  the  bond. 

Amon^  the  min^r  patented  "bars  on  the  market   to-day 
mitht  be  mentioned  the  Ransome  t-iristed  bars,  Tfhich  are 
usually  twisted  cold  on  the  site  of  the  work;   the  Johnson 
corrugated  bars,  ^rhioh  are  square  and  have  corru^'ations  on 
all  foul?  sides;   the  Thatcher  rolled  bar,  lYhich  is  round, 
but   flattened  at  regular  intervals;   the  Thatcher  riveted 
bar,  which  is  a  strip  of  structural  steel,  with  staj;«^ered 
rivets  at  re:^lar  interval^;   and  the  Kahn  cup  bar,  which 
is  round,  -with  four  pro^ectin;^  webs  ninety  decrees  apart, 
and  diaphragms  between  these  webs  forninj  cups  on  the  sur- 
face of  the  round  rod. 

in  some  tests  made  at  Lewis  Institute  in  1906  by 
Professor  DePuy,   for  J4r.    T.   L.    oondron,  and  reported  in  a 
paper  read  before  the  iTester  Society  of  Tm-vineers,  notice 
was  taken  for  the  first  time  of  the  amount  of  slip  and  the 
ratio  between  the  stress  i:'  the   steel  and  the  slip.      The 
investigations  which  have  been  made  by  the  authors  have 
been  alon;  this  line,   as  -"ell  as  alomr  the  lines  previously 
folio-wed.      The  object  of  the  tests  made  was  to  find  the 
ultimate  bonding  strength  of  different  kinds  of  bars,   and 
also  to   find  the  point   at  which  the  bar  first  yielded. 

After  careful  invest i rat ion,   it  was  decided  that   1:3:6 
concrete  would  be  used,  on  account   of  the  fact  that    it   is 
the  most  widely  used  mixture  for  reinforced  concrete  work. 
The  sise  chosen  for  the  blocks  was  6"x  6"x  If^".      It  was 
thought   best  to   confine  the  test   to  one  depth  of  imbedding 
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and  to  make  that  depth  of  such  an  amount  that  there  rould 
be  no  possibility  of  the  steel  breaXin*  before  the  ulti- 
mate strength  of  the  bond  had  been  reached.      The  blocks 
were  made  6"x  6"  in  plan,   as  this  size  offered  sufficient 
area  in  compression.     No  doubt,   if  lar'^er  blocks  had  been 
used,  the  value  of  the  bondin-»:  stress  developed  by  the 
t-vristed  and  cup  bars  ^ould  have  been  much  hi'jher,   but  bars 
sire  spaced  nnch  closer  than  six  inches  in  practice,  and  the 
results  derived  from  such  tests  rai.^^ht   be  mi  si  eadin?;.      The 
values  "^hicH  may  be  obtained  fvw  these  deformed  bars  are 
limited  only  by  the  sise  of  the  block,  the  sheari.ij  value 
of  the  concrete,   and  the  strength  of  the  steel. 

The  concrete  was  made  of  Universal  Portland  cament , 
No.    5  cashed  travel,   and  unsieved  torpedo   sand,   in  the 
ratio  of  one  part   cement,  three  parts  sand,  and  six  parts 
travel,  by  volume.      The  cement  -vras  tested,  and  found  to 
satisfy  the  specifications  of  the  American  society  for 
Test in*  Materials,  developing  a  tensile  stress  of  720  pounds 
per  square  inch  for  an  avera«:e  of  six  neat  briquettes,  one 
day  in  air  and  six  days  in  ivater.     The  sand  contained  34 
per   cent.  ,   and  the  gravel  38  per  cent.  ,  voids.      Both  ^ere 
clean  and  free  from  dirt. 

The  molds  Tvere  made  to  order  for  these  tests,   beinij 
25  in  number.     Dimensional  dra^injs  for  them  are  shovm  on 
Plate  I.      Some  trouble  \7as  caused  by  the  warpin.»  of  the 
sides,   but  the  blocks  cast  ivere  of  the  uniform  depth  of 
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is  inc:^es.      The  bars  "rere  held  in  place  "by  strips  of  steel 
placed  aocross  the  tops  of  the  molds.      The  strips  had  holes, 
of  the  sane  dianeter  as  that   of  the  bars,  drilled  in  them, 
as  nell  as  a  small  one  tovrard  eac;]\  end,  throu.ijh  ■'yhich 
nails  fastened  the  strips  to  the   sides  of  the  molds.      These 
strips  are  shoTn  on  Plate  I.      The  bars  ^ere  placed  in  holes 
drilled  in  the  middle  of  the  bottom  of  the  molds  of  such 
depth  that  the  bars  extended  about   one-quarter  inch  above 
the  block  when  molded. 

The  concrete  for  each  test  ^as  nixed  on  separate  days, 
but   »reat   care  Tas  taXen  to  have  all  the  conditions  the 
same.      The  cement   and  the   sand  ^ere  mixed  dry  until  no 
change  in  color  could  be  distin^ished  and  to  this  was  added 
sufficient  r^ater  to  maXe  a  plastic  mortar.     The  -^avel  ?Tas 
then  added,   and  the  -^hole  mixed  to   such  consistency  that 
the  T^ater  flushed  to  the  surface  when  tamped.      The  concrete 
was  T/ell  taliped  in  layers  -^^hile  bein^  placed. 

After  about  one  "'eek,  the  forms  were  removed.      Durin* 
the  first  v/eek  the  concrete  stood  in  a  room  whose  temper- 
ature averaged  about   80  decrees,   and  for  the  rest   of  the 
time  in  a  place  exposed  on  one  side  to  the  weather  of 
February,  March  and  April,   about  two  weeXs  of  which  were 
below  freezing. 

Six  different   bars  were  used:    1 /s-inch  and  3/4-inch 
plain  round  bars;   l/s-inch  and  3/4-inch  twisted  bars;   and 
l/s-inch  and  3/4-inch  cup  bars.      The  round  and  cup  bars 
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were  oiled  by  the  manufacturers  to  prevent  rust,  "hut   tJie 
twisted  iDars  Tvere  rusty.     Tests  ^ere  made  at   tjie  end  or 
30  days,   61  days,   and  91  days,   four   specimens  bein^i;  tested 
in  most   cases,   although  tie  results  from  several  ^'^ere 
discarded. 

Plates  II,  III,  and  lY  shotr  the  apparatus  used  for 
tlie  tests.     In  Plate  II,  A  is  the  frame  of  the  machine, 
D  the  draTT-head,  and  C  the  concrete  blocX  rrith  the  bar  K 
imbedded  in  it.      The  steel  plate  S  was  covered  vrith  sev- 
eral layera  of  ?.sbestos  M,   so  that  the  concrete  would  have 
even  bearin*^.      A  micrometer,  taken  from  an  ext ensomet er , 
was  mounted  at  p  in  such  a  manner  as  to  make  contact  T,'itli 
the  bar.      Oonnected  to  the  micrometer  and  to  the  frame 
of  the  machine  tras  an  electric  circuit ,  arran-^ed  in  such 
a  maimer  through  the  relay  R  that  vrhen  the  circuit  rras 
broken  the  bell  B  irould  rin^^.     in  this  manner  any  slip  in 
the  concrete  could  be  instantly  detected  and  noted.      The 
STritch  S  TTas  used  to  prevent  the  rin^in^  of  the  bell  ??hile 
Ghan^in*  specimens. 

Mr.   T.   L.    ''ioa'iron,   in  his  paper  before  the  '".Western 
Society  of  Engineers   ,   says:      "A  series  of  tests  ■'.vere  made 
at   the  U.    s.    Testinv  Laboratory  at  the  ■'Tatertoi'ii  Arsenal 
recently  to  determine  the    'adhesion  resistance  of  steel 
bars  in  cement   and  mortar  prisms.  '     in  the  report   it  is 
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stated,    ' Conor ete  prisms  ■'rere  se'jured  in  the  jaws  of  the 
testin^r  macHine  between  V-shaped  wooden  cushions,   against 
wJiiGla  a  sufficient   corrrpressive  force  ^ras  applied  to  hold 
tie  specimens  in  place  ajainst  the  tensile  pull  of  tlie 
bars.  '     Tlie  report    ■^oes  on  to   say,    'this  lateral  pressure 
in  the  sides  of  the  prisms  prevented  their  splitting  lensth- 
■wise  during  the  tests  and  in  some  de,^ree  probably  resulted 
in  applying;  pressure  against  the  sides  of  the  bars.  '    •• 
It  will  at  once  be  seen  that  the  results  obtained  in  those 
test  are  hi^jher  than  would  be  attained  in  practice.      The 
pressure  exerted  against   the  side  of  the  bars  ^Tould, 
without  doubt,   increase  the  bond  of  the  metal  and  concrete, 
whiie  the  prevention  of  the  splittin'^  of  the  blocks  causes 
the  characteristic  action  of  patented  bars  to  be  lost. 
The  method  adopted  by  the.  authors  is  one  that  more  nearly 
duplicates  conditions  in  practice. 
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Result s  and  Observations 

Sixty-nine  specimens  were  teate^d  in  all,  but   tke 
results  of  six  vere  of  such  a  character  as  to  ^varrant 
discardin'?;  the  results  obtained  Trom  tkem.     As  a  result, 
record  has  been  made  of  but   sixty-three  specinens. 

In  fke  test  of  eac5i  specliion,  the  load  at  Trhick  first 

slip  took  place  was  noted.      The  accuracy  of  the  apparatus 

was  such  that  the  ma^jnitude  of  this  slip  was  about 

l/lOOO  of  an  inch.     It  was  impossible  to  learn  at  what 

load  slippin*  actually  started,  but  the  load  at  which  the 

bar  had  slipped  in  the  neifjhborhood  of  l/lOOO  of  an  inch 

could  be  noted,   and  this  load  is  called  the  load  of  first 

slip.      5!xpressed  in  pounds  per  square  inch  of  superficial 

area,  the  average  of  the  tests  of  each  kind  of  bar  are 

as  follows: 

30  days  61  days  91  days 

1/2-inch  round 154  176  194 

l/s-inch  twisted 150  208  333 

1/2-inch  cup. ...  -     - 195  215  214 

3/4-inch  round 208  205  265 

3/4-inch  tv/isted -•..  121  208  196 

3/4-inch   cup 201  233  214 

In  the  case  of  the  twisted  and  cup  bars,  the  super- 
ficial area  was  taken  to  be  that  of  a  square  bar  of  the 
same  dimension.     "While  t'lis  is  not   exactl^^  correct,  it 
serves  as  a  means  of  coinparing  these  bars  with  others. 

It  will  be  seen  that   the  strength  of  the  bond  of 
the  1/2-inch  round  bars  increased  with  the  age  of  the 
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concrete;  tlie  bond  of  the  3/4-inch  round  "bars  ±3  sliglitly 
less  at   61  days  than  at   30  days,  "but   greater  at  91  days  than 
at   eitlier  30  or  61  days.     It  will  also  be  noted  tnat  tHe 
load  at  which  slip  first  took  place  for  the  l/s-inch  round 

bars  is  less  than  for  the  3/4-inch  bDTs the  loads  are 

almost  proportional  to  the  diameters,  which  would  seem  to 
support  the  theory  advanced  by  M,    de  Joly  that   the  bond, 
being  due  to  the  stress  set  up  in  the  steel  by  the  contrac- 
tion of  the  concrete  while  se'.tin*;,  varies  as  the  sectional 
area  instead  of  the  superficial  area.     It  will  be  shovm 
later  that   this  is  the  case  only  for  the  piftin  bars,   and 
not   for  the  patented  ones. 

The  load  at  which  slip  firat  took  place  for  the 
1/2-inch  twisted  bars  increased  with  the  a«:e  of  the 
concrete,  while  for  the  3/4-inch  twisted  bars  the  load 
is  greater  at   61  days  than  at   either  30  days  or  91  days, 
and  greater  at  91  days  than  at   30  days.     In  these  rods  the 
load  per  square  inch  of  superficial  area  is  less  for  the 
3/i-inch  bars  than  for  the  l/s-inch  bars.     This  is  possibly 
due  to  the  fact   that   the  3/4-inch  bars  have  fewer  twists 
to  the  foot  than  the  l/s-ineh  bars,  and  therefore  the 
anjle  which  the  surface  of  the  bar  makes  with  its  axis 
Is  less. 

yoT  the  1/3-inch  cup  bars,  the  load  is  jfreater  at 
61  days  than  at   3O  days,  and  about  the  same  as  at 
91  days.      For  the  3/4-inGh  cup  bars,  the  load  is  greatest 
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at   81  days  and  least  at   3O  days.     For  each  age  of  the 
concrete,  the  bond  of  the  l/s-inch  ba2»s  is  about  the  same 
as  for  the  3/4-lnch  bars,   showing  that   the  bond  varies  as 
the  superficial  area  of  the  bar. 

An  examination  of  the  table  on  the  preceding  page 
shows  that  the  first   slip  of  the  twisted  bars  occurred  with 
a  less  load  than  is  required  for  either  the  round  or  the 
cup  bars,   and  that  the  round  bars  require  less  load  than 
the  cup  bars.      The  latter  is  to  be  expected*  but  the  former 
comes  as  a  surprise,  as  the  ob^ject  of  twisting  the  bar 
is  to  enable  it  to  taKe  greater  stress. 

After  noting  the  load  at  which  first   slip  occurred, 
further  load  was  applied  to  each  specimen,  and  the  slip 
for  each  load  was  noted.     The  results  have  been  tabulated 
and  may  be  found  in  the  appendix  to  this  report.      Curves 
have  also  been  plotted,  with  the  total  load  as  ordinates 
and  the  slip  in  l/lOO  of  an  inch  as  abscissae.      An  exam- 
ination of  the  tables  and  curve  sheets  will  show  that   in 
the  case  of  the  round  rods  the  maximum  load  occiirred  at 
or  near  the  point  where  first   slip  was  noted,   and  beyond 
this  point  the  rod  could  be  pulled  through  the  concrete 
with  a  decreasing  load.     In  the  case  of  the  twisted  and 
cup  bars,   in  order  that   further  slip  might  tf^lce  place. 
It  was  necessary  to  apply  additional  load,  and  this  load 
was  increased  until  the  blo^cXs  split.     It  will  be  seen 
from  the  curve  sheets  that   the  form  of  the  load-slip  curves 
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of  the  patented  bars  are  paralDolas;   i.    e.  ,  the  slip  is 
proportional  to  the  square  of  the  load. 

The  average  of  the  loads  necessary  to  produce  the 
same  slip,  for  each  style  of  bar  and  a^e  of  concrete, 
have  been  computed  from  values  taken  from  the  curves,  and 
the  loads  reduced  to  pounds  per  square  inch  of  superficial 
area.     The  results  of  these  operations  are  sho-wn  in  Tables 
II  to  X,  and  from  these  tables  ciirves  have  been  plotted 
shov/ing  the  relations  bet-^veen  the  three  kinds  of  bars  of 
the  same  dimensions  and  the  same  age,   and  others  shorting 
the  effect  of  age  upon  the  load-slip  curve  of  each  bar. 
These  curves  accompany  the  report   as  Plates  VI  to  XVTI. 
It  will  be  noted  that  in  every  case  the  curves  of  the  cup 
bars  dxe  very  much  steeper  than  those  of  the  t^visted  bars, 
and  that,  on  the  average,  the  twisted  bars  slipped  about 
five  times  as  far  as  did  the  cup  bars  before  the  concrete 
blocks  split. 

In  Table  I  the  results  of  all  the  tests  have  been 
summarized,  and  the  maximum  bond  in  pounds  per  square  inch 
of  superficial  area  have  been  calculated.     It  will  be 
seen  that   a  l/2-inch  cup  bar  gives  the  greatest  result 
(660  pounds  per  square  inch)  and  that   a  l/s-inch  round  bar 
gives  the  smallest    (93  pounds  per   square  inch).      The 
averages  of  the  maximum  bonds  may  be  found  in  Tables  II 
to  X,  but   for  the  sake  of  convenience  they  are  given  in 
the  following  table  in  pounds  per  square  inch: 
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.                                                                  30  days  61  days  91  days 

l/s-lnch  round 154  191  202 

l/s-inch  twist od 275  302  504 

1/2-lnGh  cup.... 340  395  604 

3/4-inch  round 239  209  300 

3 /4-inGh  twist  ed 215  263  249 

3/4-inch  cup 290  308  314 

The  above  table  sho-?;s  that   the  maximum  bond  of  all  the 
1/2-inch  bars  and  the  3/4-inch  cup  bars  increases  with  the 
age  of  the  concrelo.      "Por  the  3/4-inch  round  bar  the  bond  is 
greatest   at  91  days  and  least   at   81  days.      In  the  case  of  the 
3/4-inch  twisted  bars,  the  bond  is  least   at   30  daj'-s  and 
greatest   at   81  days. 

The  observations  given  on  the  load  at  which  slip  first 
occurrs  may  be  applied  to  the  maximum  bond  of  the  round  bars; 
viz. ,  that  the  bond  varies  as  the  sectional  area  instead 
of  the  superficial  area  of  the  rod.      For  the  twisted  and 
cup  bars  the  maximum  bond  in  pounds  per  square  inch  is 
less  for  the  3/4-inch  than  for  the  1/2-inch  bars-      This 
is  due  to  the  fact  that  the  concrete  blocks  split  in 
every  case,   and  as  this  splitting  is  due  to  the  ■^'■edging 
action  of  the  V?^/  projections  on  the  bars,   it  depends 
upon  the  total  load  upon  the  bar  and  not  upon  its  super- 
ficial or  sectional  area.     In  other  words,   if  the  results 
of  these  tests  may  be  depended  upon,  an  inch  bar  cannot 
be  relied  upon  to  talce  more  stress  than  a.  1  /2-inch  bar, 
if  the  bars  are  spaced  cltaser  tog:ether  than  a.  pre-det grr>- 
ined  distance,  this  distance  being  of  such  magnitude  that 
the  concrete  will  develop  in  tension  sufficient  resistance 
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to  overcome  the  "burstinr;  action  of  the  "bar,  actinj?  as 
a  wedge.  ^ 

The  effect  of  this  bursting  action  may  be  approx- 
imately invest i^'^ated.     A  simple  case  Tvill  he  assuined* 

Suppose  that  A,  Flrr,    i,   is  a 
section  of  a  circular  T?edge,  or 
cone,   acting  on  the  plate  B. 
Then,   if  a  load  P  he  applied  to 
A,   it  may  he  considered  replaced 
hy  two  forces,  each  P/2,   acting 
pig.    !•  at   0  and  D.      Nott,   the  load  P 

will  cause  normal  reactions  TIN  against  the  face  of  the 
■redge,   each  equal  to  P/(3  cos  </),   and  the  horizontal  coii>- 
ponents  of  these  reactions  must  he  resisted  hy  equal  and 
opposite  horizontal  forces,   each  equal  to    (P  tan  (ji) /2» 
An.  infinite  number  of  these 
sections  may  be  taken  through 
the  wedge  with  the  same  results. 

If  the  plate  was  viewed 
in  plan  it  would  be  as  in 
Pig.    2,  with  an  infinite 

number  of  forces,   each  equal  Pig.    S. 

to   Q  =   (P  tan  ^)/2,  acting  radially  to  the  center  of  the 
wed 36.      Suppose  it   is  required  to  find  the  force  tending 
to  cause  rupture  along  the  section  XX.     It   is  evident  that 
the  components  of  the  forces  parallel  to  the  axis  of  X 
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■balance  eacJn  other*  and  it  remains  to  find  the  sura  of 

the  components  parallel  to  the  axis  of  Y  for  one-half 

of  the  wedge.     If  ■©  "be  the  anr^le  which  one  of  the  forces 

maXes  with  the  axia  of  X,  then  Q  sin  «  is  the  magnitude 

of  the  component  parallel  to  the  axis  of  Y,  and 

y  (Q  sin  ■d)d-Q  is  the  sum  of  these  components,  the  limits 

of  integration  "being  0  and  Tl.      Evaluating  the  above  integral 

we  have 

jf{q  sin  0)dO  =  2Q 
and  the  magnitude  of  this  "bursting  force  is  then  P  tan  (jf* 
This  force  ^rlll  at   at  the  center  of  the  plate  B,  and 
the  distribution  of  this  stress  accross  the  plate  is  some- 
what  complicated.     It  will  have  a  maximum  value  at  the 
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Fig.  3.  Pig.  4.  Pig.  5. 

edge  near  the  wedge,  and  will  have  a  value  at  a  contiguous 
section  equal  to  this  maximum  value  less  the  change  in 
shear  caused  by  the  deformation  of  the  material.   This 
change  in  shear  'vill  depend  upon  the  modulus  of  elasticity 
of  the  material,  and  in  the  case  of  concrete  it  will  be 
very  small.  The  unit  stress  at  the  edge,  then,  will  be 
slightly  less  than  at  the  center.   This  distribution  of 
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stress  is  shorm  In  ?i'T.    3.     There  is  also  a  cantilever 
action  due  to  the  force  2Q  acting  parallel  to  the  section. 
This  '^rill  cause  a  tension  in  the  outer  half  and  a  compression 
in  the  inner  half  of  the  part   considered  as  a  beaip.      The 
distribution  of  stress  due  to  this  action  is  shown  in 
Pij.   4.     Pig.    5  shoi:;'3  the  addition  of  the  stresses  due 
to  both  couses,   and  if  the  distance  OX  is  not  too  great, 
a  fairly  uniform  distribution  of  stress  results. 

Now  Efuppose  that  the  bars  are  spaced  a_  inches  apart 
and  that  the  diameter  of  the  bars  is  b  inches,  then  the 
area  of  the   concrete  to  resist  the  bursting  force  is 
d(a  -  b),  where  d.  is  the  depth  the  bar  is  imbedded.     If 
f  is  the  unit   strength  of  concrete  in  tension,  then 
fd(a  -  b)   is  the  magnitude  of  the  resistance  of  the  total 
area  of  the  concrete,  which  must   equal  P  tan  (^,      That   is 

fd(a  -  b)  r=  P  tan  9^. 
Also,   if  p  is  the  unit  tensile  strength  of  the  steel, 
and  k  is  some  constant   depending  upon  the  shape  of  the 
transverse  cross-section  of  the  bar,   such  that  kb     is 


the  area  of  the  bar,  then 


P  t=  pkb^, 


and  fd(a  -  b)  =  Pkb2  tan  9^. 

Therefore  -  f  ±  /f?^d?!  +  4Pk:da  tarT^ 

2Pk  tan  5/ 

Also,   solving  for  a.,   if  b  is  pre-determined  or  assumed* 

Pkb^  tan  9^ 
a  = +  b. 

fd 
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For  substitution  in  the  above  formulae,  the  angle  .9^  must 
necessarily  be  determined  by  observation. 

The  results  shOTv  that   the  cup  bar  is  the  better  of 
the  two  patented  bars,  as  it  gives  greater  niaxijiiura  bond  in 
most   cases,  gives  greater  values  in  all  cases  for  the  point 
of  first   slip,   and  gives  less  slip  for  a  corresponding 
load.      The  3/4-inch  round  rods  give  higher  results  than 
the  3/4-inch  patented  bars.     This,  of  course,  depends  upon 
the  width  of  the  blocks  in  ^Yhich  the  bars  are  imbedded, 
but  not  upon  the  depth. 

The  results  found  by  the  authors  are  Iot,   compared  with 
some  of  the  results  enumerated  on  previous  pages.      The 
following  table  has  been  prepared,  from  which  comparisons 
can  be  easily  made,  the  values  being  in  pounds  per  square 
inch  of  superficial  area  arid  for  plain  round  bars: 


Zeitsohrift  des  Vereins  Deutcher  Ingenieure   (Vol. 

49,    '05)   Cement   Age,   Oct.,   1905 83  to  592 

S.   Mor sh    (prom  Beton  und  "FJisen ,   1903 ). . .  •  • 100  to  696 

5.    S.    'fheeler ,  U.    3.    Assistant   Engineer Ill  to  556 

Webb  and  "'.rilsey,  Armour  Institute  of  Technology. .  154  to  263 

Prof.   A.    1^.    Talbot,  University  of  Illinois. ......  1^4  to  336 

Prof.    0.   S.    DePuy,  Lewis  Institute 138  to  341 

Prof.    0.   "7.    spofford,  Mass.   Inst,    of  Technology. .  ??19  to  3'74 

M.    Oonsidere 256 

S.    W.   Smerson,   Tase  School  of  Appliod  Sciences. .. 273  to  537 

Prof.   F.   H.    Constant,  University  of  Minnesota. ...  316  to  854 

Prof  W.    K.    Hatt ,  Purdue  University 470  to  ''56 

Prof.   Bauschinger 570  to  640 


It  may  be  that  the  results  found  by  the  authors 
are  low  on  account   of  the  fact  that  the  round  and  cup  bars 
were  oiled  by  the  manufactures  to  prevent  rust.     The  weather 
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may  also  have  had  some  influence  upon  the   "grip"  of  the 
concrete. 

After  destruction  of  the  blocks,  the  bars  ?/ere  exanv- 
ined  and  found  to  have  thin  coatinf^s  of  cement  on  them. 
It  appeared  that  the  cup  bars  sheared  the  concrete  for 
a  small  distance  in  several   specimens,   but   in  no   case 
could  such  phenomena  be  noted  for  the  t^'dsted  bajrs. 

Tests  were  made  of  the  steel  to  determine  the  elastic 

limit,  ultimate  stren.'^th,   and  per  cent,    elongation  in 

eight   inches,  with  the  following  results: 

Elas.   Limit  Ult.    strength     o/o 

lbs.  /  sq.    in.  lbs.  ^  sq.  in.      Elong. 

1/2-inch  rotmd 53580  81000  15.5 

1/3-inch  twisted 73400  89400  9.95 

1/2-inch   cup 70000  78800  7.6 

3/4-inch  round 8823O  107000  11.2 

3/4-inch  twisted 64000  77200  10.7 

3/4-inch   cup 58760  95000  10.4 

In  every  test  has  been  recorded  the  ratio  of  the  stress 
in  the  bar  to  the  elastic  limit  and  in  no   case  was  this 
ratio  ,gr eater  than  unity.      This  sho?;s,  then,  that  the 
bars  did  not   slip  on  account  of  the  contraction  of  area 
due  to   stressing  the  bars  beyond  their  elastic  limit. 

Taken  as  a  vrhole,   the  results  of  these  tests  show 
that  patented  bars  cannot  be  depended  upon  to  take  any 
more  stress,  on  account  of  their  supposed  greater  bond* 
than  plain  bars,   for  ordinary  spacing  of  the  bars;  that 
if  patented  bars  are  not   stressed  beyond  the  elastic 
limit,   a  large  bar  will  not   carry  a  much  greater  load 
thsin  one  which  is  ;)ust   stressed  to  the  elastic  limit,  if 
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reliance  is  placed  upon  the  bond  "bet^veen  concrete  and  steel 
to  transfer  the  load;   that   the  load  which  trristed  bars  \vill 
carry  depends  upon  the  number  of  turns  per  foot ,   because 
the  greater  the  number  of  turns  the  less  the  value  of 
tan  9^  in  the  formulae  on  par;e  22't  that  the  bond  increases 
with  the  age  of  the  concrete,  but  not   according  to  any 
definite  law;   that   cup  bars  have  a  greater  bonding  strength 
than  t^Yi3ted  bars;  that   cup  bars  ■••'ill  cause  failure  in  a 
manner  more  sudden  th'^t   tho  twisted  bars,  on  account  of 
tljae  fact  that  less  slip  occurrs  before  failure;   and  that 
plain  bars  should  not  be  stressed  to   such  a  point  that 
there  is  the  least    slip  between  the  concrete  and  the   steel. 
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Test 

hqe  of  Concrete, days 

5tyle  of  Bar 

5ize  of  Bar,  ms. 

Bondino  Area  per  linear  inch,  scj.ms. 

Total  Bonding  Area,  s^./ns. 

tlaximum  Load,  lbs. 

f^axiwum  Bond,  lbs  per  sg./n. 

Area  of  5tee I ^  sef.ms. 

stress  m5teel ,  lbs.  per  scj.m. 

Elastic  Limit,  lbs  per  scjin. 

flat  10  of  Stress  to  Elastic  Limit 
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